Synthetic nanoporous carbons are prepared by polymerization of mixtures containing coal tar pitch and furfural in different proportions, followed by carbonization of obtained solid product and steam activation of the carbonizate. The chemical composition of the initial mixture significantly affects the physicochemical properties (surface area, pore structure, electro resistance and amount of oxygen containing groups on the surface) of the obtained materials. The incorporation if oxygen in the precursor mixture by means of furfural, has a strong influence in the synthetic route; rising the furfural content facilitates the formation of a solid product characterized by a large oxygen content. Moreover, the solid product is more reactive towards activation as the furfural content increases, giving rise to nanoporous carbons with large surface areas and unique chemical features (high density of oxygen functionalities of basic nature). These nanoporous carbons have been investigated as electrodes in electrochemical applications.
Introduction
To date, carbon materials play a major role in many science and engineering fields both as structural and functional materials. The majority of their applications derive from the flexible coordination chemistry of carbon atoms (allowing an infinite possibility of 3-dimensional structures) and their ability to bind other heteroatoms. For instance, surface chemistry of carbon materials may define the self-organization of the material, or its chemical stability and reactivity in adsorptive and catalytic processes, among most important applications [1] . Driven by the need for highly featured materials in many multidisciplinary areas, recent advances on synthetic routes have enabled to develop materials with unforeseen control over structure and properties that offer unexpected opportunities [1] [2] [3] for porous materials. Indeed, in the last decade most research on the design and processing of novel porous carbon materials has aimed to control the size, shape and uniformity of the porous void, contributing to developments in areas beyond the traditional use of porous materials as catalysts and adsorbents [4] . Besides porosity, surface chemistry of materials provides an unlimited, imaginative and simple tool to face newly arisen environmental challenges.
Most common synthetic procedures to prepare porous carbon materials are based on: traditional chemical and physical activation (or a combination of both) of a suitable precursor [5] [6] [7] , catalytic activation using metal salts or organometallic compounds [8] [9] [10] [11] , carbonization of polymer blends [12] [13] [14] [15] , carbonization of an organic gel synthesized under different drying conditions (xerogel, cryogel or aerogel) [16] [17] [18] , among most representative.
Our earlier investigations focused on the synthesis of nanoporous carbons based on biomass and coal treatment products. Previous studies reported the preparation of synthetic carbons from polyolefine wax [19] , furfural [20] and mixtures of tar from carbonization of agricultural by-products and furfural [21] . We have observed that the chemical composition of the precursor vastly influences the structure and properties of the obtained carbon. For instance, the solid product -the carbonizate before activation-obtained from a given raw material containing dominantly aromatic compounds (such as biomass-derived tar), is characterized by a dense structure and weak reactivity towards steam activation. On the contrary, when furfural is used as precursor, the final carbon material is less dense and more reactive, due to the insertion of oxygen in the carbon skeleton that favors the formation of pores during the activation process. Taking this into account, the aim of our investigations was to explore the development of a synthetic route for the production of nanoporous carbons with different porous structure and chemical features, on the base of an adequate combination of precursor materials and methods of treatment. For this purpose, coal tar pitch and furfural were chosen as raw materials (precursors), as they exhibit very different chemical composition and properties. Moreover, -as it was noted in previous studies-the carbonizates obtained from each of them are well distinguished by their structure and reactivity [19] [20] [21] . The present work is dedicated to exploring the influence of the composition of the initial precursor's mixture and the treatment conditions on the final physicochemical and electrical properties of produced nanoporous carbons.
Varying the chemical composition of the raw materials would allow us to influence the processes of formation of the texture and structure of the final product. The prepared carbon materials have been fully characterized and investigated as electrodes in an electrochemical application.
Experimental

Synthesis procedure
The mixtures of coal tar pitch and furfural in different proportions (ranging from 30 to 60 wt.%) were treated with concentrated H 2 SO 4 (drops of H 2 SO 4 were added to the mixtures with continuous stirring) at 120 ºC until solidification. The obtained solid product was heated at 600 ºC in a covered silica crucible with a heating rate of 10 ºC min -1 under nitrogen atmosphere. The obtained solid product after carbonization was further submitted to steam activation at 800 o C during 1 hour for synthesizing the porous carbon. The samples were labelled as F followed by the content in furfural. In order to explore the effect of a thermal heating at high temperature of the carbons on the electrochemical performance, selected samples were submitted to an additional heat treatment under nitrogen atmosphere. Sample F50 was treated at 1100 ºC and sample F55 was heated at 1400 ºC. The samples submitted to this additional heat treatment were labeled as H (carbon F55H).
Porous characterization
Nanotexture of the synthesized carbon materials was characterized by N 2 adsorption at -196 ºC, carried out in an automatic volumetric apparatus (ASAP 2020 from Micromeritics). Before the experiments, the samples were outgassed under vacuum at 250 °C for overnight. The isotherms were used to calculate the specific surface area, S BET , pore volumes and pore size distributions; the latter by using the DFT method [22] .
Oxygen-containing functional groups
The amount of oxygen-containing functional groups with increasing acidity on the carbon surface was determined applying Boehm's method by neutralization with basic solutions of increasing strength -NaHCO 3 , Na 2 CO 3 , NaOH, and C 2 H 5 ONa-. About 0.5 g (± 0.0001g) of the carbon was put in contact with 100 ml of 0.05 N base solution in sealed flasks. The suspensions were shaken at least 16 hours, and then filtered. The excess of base remaining in the solution was determined from back-titration after adding an excess of standard HCl solution [23] . The amount of basic sites was determined with 0.05 N HCl [24] . The procedure is the same as above mentioned, as back-titration of the excess of HCl was performed using titration with 0.05 N NaOH solution.
pH determination
The pH of the carbons was measured according to the following procedure: 4.0 g of carbon was weighed into a 250 mL beaker, and 100 mL of water was added. The beaker was covered with a watch glass, and the mixture was boiled for 5 min. The suspension was set aside, and the supernatant liquid was poured off at 60 ºC. The decanted portion was cooled down to ambient temperature and its pH was measured to the nearest 0.1 pH unit.
Cell assembly
The electrodes were prepared from a mixture of 90 wt.% activated carbon powder and 10 wt.%. were used as electrodes (containing < 20 ppm water).
Results and discussion
Synthesis and characterization of the materials
The characterization of initial pitch is valuable for understanding the processes taking place during the preparation and modification of the precursor mixture with H 2 SO 4 . Table 1 shows, that pitch precursor possesses relatively low softening point temperature. The elemental analysis data indicate that the amount of oxygen containing structures is not high, whereas the high C/H ratio indicates the presence of considerable amount of aromatic species in the pitch.
An exhaustive characterization of the pitch was carried out by Soxhlet extraction with chloroform, following the scheme of Figure 1 . The results of the solubility class separation of the neutral, basic and acidic fractions of the pitch are also compiled in Table 1 .
It can be observed that the raw pitch contains predominantly neutral compounds, with a considerable fraction of organic basic species. These results point out that the raw pitch studied contains a relatively small amount of reactive structures, which could be involved in condensation and polymerization reactions leading to the formation of higher molecular products (i.e., formation of solid products). Thus, it is necessary to modify the pitch to facilitate the solidification of the precursor allowing to further synthesize nanoporous carbons. In this regard, earlier studies carried out in our research group have shown that furfural resin is a suitable oxygencontaining raw material for the production of carbon adsorbents with a large number of oxygen-containing groups on the surface [20] . Furfural is an accessible and cheap material that accelerates the polymerization processes in the mixtures. Indeed, carbon adsorbents with different structure and properties have been prepared from mixtures of furfural and biomass-derived tars, while optimizing the operating conditions (including the composition of the mixtures, activation reagents, pre-treatment of the precursors, etc.) [21] . As the biomassderived tar possess large number of oxygen-containing structures, in order to control the amount of oxygen in the initial mixture, we decided to substitute it by coal tar pitch, which contains mainly aromatic substances. For this reason, we have added furfural to the coal tar pitch used as precursor, aiming at incorporating a reactive structure in the carbon matrix capable to induce polymerization and polycondensation reactions that will allow us to easily promote the solidification of the mixture. The resulting solid product was carbonized and submitted to steam activation to produce a suitable nanoporous carbon.
Mixtures containing different amounts of furfural (ranging from 30 to 60 wt.%) were investigated as precursors for the preparation of carbon materials. As indicated in the experimental section, the mixtures were treated with conc. H 2 SO 4 until solidification and the obtained solid product was heated up to 600 ºC under nitrogen atmosphere, followed by steam activation at 800 ºC for 1 hour. The main chemical composition parameters of the synthesized carbons are presented in Table 2 .
Data show that the furfural content of the initial mixture has a strong influence on the chemical composition of the resulting carbons. Along with the prevailing content of aromatic structures in the pitch, the increasing trend in the oxygen content as the furfural amount in the initial mixture is rising, unambiguously indicates that inserting oxygen in the carbon precursor to the formation of oxygen containing structures on the surface of the final product. The prepared carbons also display strong alkaline character, as inferred from the pH values. A more detailed analysis of the nature of the oxygen functionalities inserted in the carbon materials due to the incorporation of furfural in the precursor is shown in Table 3 . The Boehm titration analysis reveals that most of the surface functionalities are of weak acid nature, although basic groups are also created. The amount of acidic groups (mainly carbonyl groups) increases with the furfural content, although the amount of functionalities of basic nature does not seem to follow the same trend, being almost constant in all the samples. On the other hand, the thermal treatment at high temperatured caused a sharp decrease in the amount of oxygen surface groups, both of acidic and basic nature. Consequently, the overall samples after the thermal treatment become more basic. The obtained results indicate the possibility for adjusting the content of oxygen groups on the carbon surface by varying the amount of furfural in the initial mixture.
It should be mentioned that such combination of chemical features (i.e., high oxygen content and basic character) is rather unusual in porous carbons. This might be attributed to the furfural present in the precursor mixture, which would facilitate the insertion of oxygen within the carbonaceous matrix -likely as ether, furanic and/or chromene-like structures-, as opposed to the majority of activated carbons where they are typically located at the edges of the basal planes in the graphene layers. According to literature, carbons obtained from cork also give rise to materials with these unusual chemical properties [25, 26] .
The composition of the mixture precursor also affects the development of the porosity after activation of the solid product. The iodine number was initially y employed as an indicator of the surface area of the prepared carbons, since it is known that this parameter provides a close to the BET surface area determined by N 2 adsorption [27] . It can be observed that the iodine number increases wit the furfural content, suggesting that the mixtures containing bigger amount of furfural are more reactive and not too firm due to the presence of higher amount of oxygen in its composition (Table 4) . Consequently, the steam activation of the solid products prepared with a higher furfural ratio would allow an easier development of porosity. The beneficial effect of the incorporation of oxygen species on a carbon precursor on the development of the porous network has been reported in earlier investigations, where it was reported that the preoxidation of a bituminous coal gives rise to a better development of a microporous network [28] . The decrease in the yield of the final product (carbon yield)
with rising the furfural content in the initial mixture also confirms this observation.
The X-ray diffraction patterns of the prepared carbons also clarify this issue and corroborates the easier Estimates of mean crystallite dimensions can generally be obtained from XRD data by application of the Debye-Scherrer equation, providing information about the height and width of the crystallites (Lc and La parameters, respectively). The crystalline width L a parameter is significant greater for the carbons with the lowest furfural content, whereas the crystalline height Lc follows the opposite trend. This indicates that the carbons synthesized from mixtures with a higher amount of coal tar pitch possess more ordered and compact structures, which confirms the above-mentioned finding about their larger stability towards the activation step.
Furthermore, it was found that with increasing the furfural content the mean number of layer planes in the crystallites decreased, corroborating the disorganized structure of the carbons created by the furfural.
Based on the preliminary data provided by the iodine number, the pore structure of selected carbons was investigated by gas adsorption. The nitrogen adsorption isotherms at -196 ºC of the samples with the higher iodine numbers (namely F45, F50 and F55) were recorded ( Figure 2 ) with the exception of F60, which was discarded due to its low carbon yield. The main textural parameters of the prepared carbons obtained from the analysis of the nitrogen adsorption isotherms are compiled in Table 6 . The surface area of selected commercial carbons widely used in electrochemical applications has also been included for comparison reasons. It can be observed from this data that the furfural content has a strong effect in the porosity of the resulting carbons. The sample with the lowest proportion of furfural (F45) exhibits a type I isotherm in the BDDT classification [29] , indicative of a microporous material. As the content of furfural rises, the isotherms gradually become type I/IV, with a clear opening of the knee at low relative pressures. This indicates the development of mesoporosity and a widening of the microporosity in the samples F50 and F55.
This observation was confirmed by the analysis of the PSD by the DFT method (Table 6 and Figure 2 ). Rising the furfural content in the initial mixture from 45% to 55% leads to significant increase of the volume of the micropores (a two-fold increase from F45 to F55) as well as the volume of mesopores (i.e., 6 times larger).
The textural data of selected samples submitted to heating at high temperatures (between 1100-1400 ºC) is also shown in Figure 2 and Table 6 . In this regard, it has been reported that the presence of oxygenated groups enhances the inner resistance and the leakage current [30] of carbon electrodes. Taking into account the large amount of oxygen-containing functionalities of the carbons herein reported (Table 1) due to the incorporation of furfural in the synthesis, it is reasonable to expect a high resistance in these materials. Consequently, two carbons were submitted to a thermal treatment at high temperature in order to remove the surface functionalities. On the other hand, it is also known that heating at high temperature may favour internal rearrangements in the carbon structure, which depending on the carbon precursor can end up with an increase in the electrical conductivity if graphitic-like domains are created during the rearrangements. However, thermal treatment may also cause important modifications in the textural and structural properties of the carbon skeleton (annealing effects) [31, 32] thus it becomes necessary to investigate the porosity of the samples after thermal treatment. The results show a decrease in the surface area and pore volumes of the treated carbons, which is more important in the case of F55H (treated at a highest temperature), and more precisely in the mesopore volume. In this case, it seems that the structural modification of the carbon occurs to a small extent, due to the high temperature applied (Table 5) It should be pointed out that at low current densities (below 80 mA/g), the electrochemical performance of sample F55 is lower than that of F50, despite the former has a higher surface area and more developed porous structure ( Figure 2 and Table 6 ). However, the PSD of F50 revealed a larger contribution of micropores of dimensions below 1 nm, which confirms previous finding in the literature on the importance of the pore dimensions in the electrochemical performance of supercapacitors [33, 34] . At high current densities (above 100 mA/g), F55 outperforms F50, which capacitance fading is steeper. This observation could be attributed to the accessibility (kinetic) restrictions of the electrolyte ions when the device is operating at high current density, since the transport pore network (mesoporosity) of carbon F50 is lower than that of F55. It seems evident thus that the presence of pores of larger sizes becomes important when fast charge propagation conditions are needed. Compared to commercial carbons, the results show that samples F50 and F55 showed a better performance than that of the carbon with the lowest surface area (Norit NK-1, surface area 600 m 2 /g, supplied by manufacturer) regardless the current density. However, they show a slightly lower electrochemical response when compared to Norit SX-Ultra which has a similar value of surface area (1200 m 2 /g supplied by manufacturer). This fact could be attributed to the high resistivity observed in these materials, since the electrodes are composed of the active carbon material and a binder (without any conductive additive). To confirm this fact, the performance of a carbon electrode constituted of a mixture of F50 and a conductive additive (natural graphite, 10 wt.%) was also investigated (sample F50+NG). It can be observed in figure 3 that the capacitance of carbon F50 was largely enhanced after the addition of the conductive additive; moreover, the capacitance fading with the current density is also softened. Indeed, measurement of the electroresistance of the cells show rather high values for the electrodes without conductive additive (75 and 110 ohms for samples F50
and F55, respectively), between 2-3 times larger than those measured for the commercial carbons (50 and 25 ohms for Norit NK-1 and Norit SX-Ultra, respectively).
From the electrochemical performance of carbons F50 and F55 it seems that rising the furfural content decreases the specific capacitance ( Figure 3 ) and increases the resistance of the carbon electrodes. This could be attributed to the large number of oxygen functionalities present in carbon F55 (Tables 2 and 3) , which would also affect its capacity. The detrimental effect of oxygen functionalities on the electrochemical performance of carbon electrodes has also been reported in the literature [35] .
As for the samples submitted to thermal treatment, Figure 3 shows that the fall in capacitance with increasing the current density is less pronounced for the H series (both F50H and F55H). This is likely due to the double effect of the thermal treatment (removal of the surface functional groups and increasing the electrical conductivity of the material). Indeed, the electrical conductivity of the heat treated simples also decreases (i.e., 110 and 76 ohms for samples F55 and F55H, respectively). which makes this application an attractive field for further research with these materials.
Conclusions
The results reported in this work show that mixtures of coal tar pitch -ingredient containing mainly non-reactive aromatic structures-and furfural -reactive ingredient inclined to polymerization reactions-are appropriate raw materials for the synthesis of nanoporous carbons with negligible ash content. The specific surface area and amount of oxygen containing groups on the carbons surface significantly depend on the composition of the mixture. The activation process is faster and leads to formation of a well-developed porous structure when the furfural content of the precursor mixture increases. The carbonaceous material obtained from mixtures containing less furfural -after the carbonization step-is characterized by a more ordered and more stable structure, making the sample less reactive upon the activation step.
By varying the chemical composition of the initial mixture, while keeping the same synthesis condition, it is possible to adjust the porous structure, chemical composition and electro resistance of the obtained carbons. In general, increasing the furfural content in the precursor also increases the surface area and pore volumes, as well as the amount of oxygen groups of basic nature. The electrodes composed of the synthesized carbons exhibit specific capacitance values close to those of commercial carbons, although they are rather resistive.
Notwithstanding, treating the carbons at high temperatures (series H) decreases the resistivity, while the capacitance increases and the textural features of the carbons are preserved. Current density, mAg -1 Figure 3 . Dependence of the capacity from discharging current for capacitors with different carbon materials.
